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Design details of a 127º electrostatic cylindrical spectrometer equipped with a 
position-sensitive micro-channel plate detector for measuring the sputtered ions in collisions of 
highly charged ions with solid surface is described. The nonlinear relationship between the point 
of fall versus the ionic energy, the blurring of the point of fall caused by the divergence of 
incident angle and the finite entrance aperture, the transform from a position spectrum to an 
energy spectrum, as well as the influence of the fringing fields are discussed.  
 
I. INTRODUCTION 
A 127º cylindrical deflector is often used as an 
energy analyzer or a nomochromator in many scientific 
fields owing to its simple structure.1-5 Since the pioneer 
work of Hughes, Rojansky and McMillen,6, 7 the 
trajectory of a charged particle in a cylindrical 
electrostatic field has been comprehensively studied. 
For examples, Hughes and Rojansky pointed out that 
the receiving slit should be placed at the angle of 
/ 2 127   downstream to the entrance slit in a 
cylindrical electrostatic field, rather than / 2  or  ,6 
and therefore the name 127º cylindrical deflector or 
analyzer came. The refocusing properties at / 2  
were also verified in their following work.7 Arnow and 
Jones reanalyzed the trajectories, considered the effects 
of a finite sized source, and proposed an alternative 
tandem scheme.8, 9 Tomková et al. emphasized the 
importance of the relative position and direction of an 
analyzer to a source, according to their trajectory 
calculation of a 127º secondary electron analyzer.10 
These earlier works concentrate on the trajectory 
property nearby the circular orbit and lay a solid 
foundation for its application as an energy analyzer or a 
nomochromator.7, 10-19 
Theoretically, the trajectory of a charged particle 
in an idea cylindrical electrostatic field is governed by 
the Binet equation20 
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Where 1u r  is a function of the revolving angle  , 
m  is the mass, q  is the charge state, the constant k  
represents the central electrostatic field by 
( )r k r   , and h L m  depends on the conserved 
angular momentum L . For any given field 
( )r k r   , there exist circular orbits with a kinetic 
energy of 2cE q , and interestingly it is 
independent of the radius of the orbits. Hereafter we 
call 2q  the circular orbit energy. It is well known 
that the trajectory ( )r   is a periodic function with a 
period of 2 . The particles with a kinetic energy of 
the circular orbit energy, starting from a same point at 
the radius of 
0r  almost perpendicularly but with small 
direction divergence will go nearby a circle, and will be 
refocused to the same radius after revolving an angle of 
2  approximately.6, 8 On the contrary, the particles 
with other kinetic energies will be separated out of the 
circular orbit at the revolving angle of 2 . 
A significant step forward was made by Oshima, 
Franchy and Ibach.21, 22 They numerically simulated 
those trajectories do not close to the circular orbit 
energy and introduced the multichannel scheme. After 
that, several multichannel 127º cylindrical 
spectrometers were constructed by employing 
position-sensitive detectors.23, 24 Because a broad range 
of an energy spectrum can be recorded in parallel, when 
it is employed to analyze an energy spectrum the 
efficiency can be improved up to two order of 
magnitude. 
We have constructed a 127º cylindrical energy 
spectrometer equipped with a position-sensitive 
micro-channel plate (MCP) detector, to measure the 
spectra of the sputtered ions in highly charged ions 
(HCIs) with surface collisions. It has been already 
employed to measure energy spectra of sputtered ions 
in 0.8–1.8 MeV Ar8+, 9+ with surfaces of beryllium and 
highly oriented pyrolytic graphite interactions.25 In this 
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paper, design details including application requirements, 
trajectory simulations, error estimation and control, 
engineering realization and spectrum transform are 
described. 
 
 
FIG. 1. The trajectories of ions starting from a same point but with 
different energies and different incident angles. (a) The ions belong to 
a same bunch have a same angular momentum, and (b) have a same 
energy. The divergence of the incident angle between two 
neighboring trajectories is 4º, and the energy of the central trajectory 
of each bunch is 0.6, 0.8, 1.0, 1.2 and 1.4 time of the circular orbit 
energy, respectively. 
 
II. DESIGN 
In the present application, an HCI beam, with its 
diameter of cross section as large as Ф5 mm, is utilized 
to bombard a solid surface. The reaction products, 
including electrons, photons, sputtered and scattered 
atoms and ions go out from the interaction area on the 
target surface and propagate in a field-free vacuum 
chamber. The energy distribution of the sputtered ions 
is interested, which depends on the beam, the target, as 
well as the incident angle and the observing angle, 
because it carries important information of the 
interaction process. We are required to give 
consideration to both the efficiency of the spectrometer 
as well as the resolution of energy and observing angle. 
It should be noted that the interaction area (i.e., the 
source of the sputtered ions) on the target surface is a 
finite uniform ellipse rather than a point source. The 
incident beam is monitored by a real-time beam current 
density meter,26 and the absolute differential yields is 
possible to be deduced by precisely collimating the 
source area. 
 
 
FIG. 2. (a) Blurring of the point of fall 1 1 0( )r r r    at 2  
caused by the incident angle   depending on the relative energy 
 . (b) The reduced data of 1.63   versus the incident angle  , 
with a solid parabola of 21.4 . Note for convenience the unit of 
angle in (a) and (b) is degree and radian, respectively. 
 
As a starting point, calculation from Eq. (1) of the 
idea field is made to obtain some general properties of 
the trajectory clusters, from which the design criteria 
are drawn. Without loss of generality, assuming the 
particle starts from =0  and hence (0) 1 (0)u r . 
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Define the normal incident angle is perpendicular to the 
radius, and represent the tilt angle deviating from the 
normal incident by  , hence cosh v  and 
(0) tan (0)u r  . The calculation has been 
dimensionlessly realized in a C++ program, and a direct 
solving of the Newtonian equation of motion has also 
been programmed to verify algorithms. Although the 
fringing fields do influence the trajectories, it will be 
introduced by employing the SIMION software27 and 
discussed later. 
 
 
FIG. 3. Blurring of the point of fall at 2  caused by the finite 
entering slit and the tilt of incident angle depending on the relative 
energy  . (a) Only the trajectories of normal incident ions are 
plotted. (b) Including the tilt of incident angle. The divergence of 
starting radius between two neighboring trajectories is 2%, the 
divergence of incident angle between two neighboring trajectories is 
4º, and the energy of each bunch is 0.7, 1.0 and 1.3 time of the 
circular orbit energy, respectively. 
 
First, as illustrated both in Fig. 1(a) and Fig. 1(b), 
the calculation confirms that the ions starting from a 
same point will be refocused to certain radiuses 
depending on their energies after revolving an angle of  
2 , either their kinetic energy is nearby or is far 
from the circular orbit energy. In order to deduce the 
relationship between the point of fall at 2  versus 
the energy, let us consider an ion with energy 
2cE E q    , starting from 0r  and perpendicular 
to the radius. Note that after revolving an angle of 
2 , its momentum will be perpendicular to the 
radius again, according to the period of 2  of ( )r  . 
Denote the ratio between the radius of arrival and 
starting by 
1 0r r  , where 1r  is the radius of the 
point of fall at 2 , considering conservation of 
energy and angular momentum, we obtain 
2 22 ln( ) ( 1)     .     (2) 
Practically, it can be calculated from its series form 
2 4 5 61 1 1( 1) ( 1) ( 1) ( 1)
6 30 30
O              ,
  (3) 
and an inverse relation can be represented as 
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Second, as illustrated in Fig. 1(a), the calculation 
shows that if the ions start from a same point with same 
angular momentum, they will be almost perfectly 
refocused to the same radius after revolving an angle of 
2 . As a consequence, it reveals that the refocusing 
of the ions with same energies is inexactitude, which is 
only valid for small divergence of the incident direction, 
as shown in Fig. 1(b). The blurring of the point of fall 
at 2  caused by the tilt of incident angle is studied 
for trajectories both concerning to the circular orbit 
energy and other energies. It is well known that when 
the direction of an incoming ion with the circular orbit 
energy deviates from the normal direction, either left or 
right, its will fall inside of the circular orbit.6 This is 
still true for other energies, which can be seen in Fig. 
1(b). Let 1r   denote the radius of the point of fall at 
2  concerning to the tilt angle  , and 
 1 1 0/r r r    represent the blurring shift of the point 
of fall. The dependence of   on   and   is 
demonstrated in Fig. 2. An useful formula has been 
summarized from the calculations to roughly estimate 
the blurring in designs, 
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1.63 21.4    ,      (5) 
in which the tilt angle   is in unit of radians. The 
error is typically within 10% when 0.6 1.4   and 
  is within 10º.  
Third, the finite size of the entering slit will also 
blur the point of fall at 2 . In consideration of the 
re-focusing nature mentioned above, we only take into 
account those normal incident ions as a typical 
representation, shown in Fig. 3(a). Let 
0r  and 1r  
denotes the width of the entering slit and the spread 
width the point of fall at 2 , respectively. Direct 
calculation gives 
1 0 =r r   ,       (6) 
when taking consider of the definition of 
1 0r r  , 
where 
0r  and 1r  is the radius of the starting and the 
falling point, respectively.  
In practice, both the size of the entering aperture 
and the opening angle of the source area to the entering 
aperture should be taken into account, as demonstrated 
in Fig. 3(b). To ensure the energy resolution, a practical 
criterion is chosen as the blurring of the point of fall at  
2  caused by both factors are comparable to the 
position resolution of the detector x , 
1.63 2
0 0~1.4 ~r r x    .     (7) 
 
III. REALIZATION 
The realization of the spectrometer is sketched in 
Fig. 4(a). A pair of ring electrodes are employed to 
build the framework of the spectrometer. The 
electrodes are made of stainless steel, and assembled by 
a pair of circular slots which are made of teflon. The 
radius of the inner electrode surface is 50mmir  , and 
the outer one is 76mmor  , therefore a gap of 26 mm 
between the two electrodes is created. Both electrodes 
have heights of 60 mm and thicknesses of 3 mm. 
A grounded skimmer tube was employed to 
collimate and to guide the ions into the electrostatic 
field. Its length is 115 mm, with an inner and an outer 
diameters of Ф3 mm and Ф6 mm, respectively. At its 
both ends there are changeable skimmers with apertures 
of Ф0.2 mm, Ф0.5 mm, Ф1 mm and Ф3 mm, with 
tapered shape for the sake of minimizing the field 
distortion. Its exit aperture is adjusted to the center 
between the two ring electrodes, and its axis is aligned 
to be perpendicular to the radius. Therefore, the center 
circular orbit has a radius of 0 63mmr   in the present 
layout. Alignment holes are presented both to align the 
skimmer tube as well as to adjust the spectrometer in 
order to aim at the collision area on the target. The 
angles among the incident HCI beam, the solid surface 
and the skimmer tube can be changed. 
 
 
FIG. 4. The schematic view of the 127o cylindrical energy 
spectrometer. (a) The spectrometer. The radius of the inner and the 
outer electrode is 50 mm and 76 mm, respectively. A skimmer tube is 
employed to collimate and to guide the ions into the electrostatic field, 
and a position sensitive MCP detector is equipped to distinguish 
different orbits. (b) The detector. A comb-shaped shelter is employed 
to ensure the absolute positions of the point of fall and to regularize 
the absolute receiving area. 
 
In order to ensure the absolute positions of the 
point of fall, a brass comb-shaped shelter, as shown in 
Fig. 4(b), was fixed at 127.3º downstream of the outlet 
of the skimmer tube. Its thickness is 0.1 mm, with 13 
slits of 0.2 mm width each, and a period of 2 mm. A 
position-sensitive micro-channel plate (MCP) detector 
is placed behind the shelter. Therefore, we always 
obtain 13 peaks on the position spectra, and for each 
peak its absolute position is known and only its area is 
interested. We note that the detector surface is biased to 
-3kV to post-accelerate the low energy ions, in order to 
increase its detecting efficiency. The assembly is 
shielded by a grounded shell made of stainless steel to 
restrain the severe background, which we have suffered 
in earlier experiments stemmed from direct ion-solid 
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interactions. All the materials of the spectrometer are 
nonmagnetic to avoid unexpected deflection. 
The effective position resolution of the MCP 
detector is 0.2 mm depending on to the comb-shaped 
shelter in the present design. According to Eq. (7) and 
considering the size of the collision area on the target, 
the inlet and the outlet skimmers are selected to be with 
Ф3  mm and Ф0.2 mm apertures, respectively. 
If the working voltage between the outer and the 
inner electrodes is denoted by 
o iU U U  , the 
corresponding parameter k  of electrostatic field is 
ln( )o ik U r r .      (8) 
Therefore, the circular orbit energy in the present 
design is 
2ln( ) 1.194c o iE qU r r qU  .   (9) 
In order to further minimize the field distortion 
induced by the grounded skimmer tube, we need to 
ensure that the center circular orbit, i.e., the r=63mm 
circular orbit, is always at the ground potential. 
Therefore, the inner and the outer electrodes are biased 
with certain negative and positive voltages, 
respectively. 
ln( ) ln( ) 0.552i i c o iU U r r r r U   ,  (10a) 
ln( ) ln( ) 0.448o o c o iU U r r r r U   .  (10b) 
At last, we need to transform experimental 
position distributions ( )iD r  to energy spectra ( )iY E  
at each working voltage 
iU , and subsequently joint 
these energy spectra to obtain the final complete one. 
The key point of the transform is that a same segment 
r  in the position spectra corresponds to a different 
segment E  in the energy spectra, according to 
different r  and different working voltages. At each 
working voltage, transform from ( )iD   to ( )iY   
should be applied at the first step. In consideration of 
the conservation of particle number holds for any 
corresponding integration range 
2 2
1 1
( )d ( )di iD Y
 
 
     ,    (11) 
directly deducing from Eq.(2) one obtains 
2
2 2
( ) d 2 [ 1 2ln( )]
( ) d ( 1)
i
i
D
Y
    
  
 
 

.    (12) 
At the second step, relative ratios among ( )iY   should 
be considered. A same segment r  in position spectra 
always corresponding a same  . Taking in account 
that o2ln( )c i iE E qU r r      , then obviously 
( )iY   should be divided by an additional factor of iU  
to obtain right ratios in the final complete energy 
spectrum. For example, the area ratios among peaks in 
the position spectrum obtained by the present design 
should be divided by the factors of 1.062 iU , 1.052 iU , 
1.042 iU , 1.032 iU , 1.021 iU , 1.011 iU , iU , 
0.9894 iU , 0.9789 iU , 0.9684 iU , 0.9579 iU ,  
0.9475 iU  and 0.9372 iU  to obtain the ratios in the 
final energy spectrum.  
 
 
FIG.5. Comparison between the ionic trajectories in the actual field 
(i.e., including fringing fields, the red solid curves) and in the ideal 
field (the blue dashed curves). 
 
The SIMION software27 is employed to evaluate 
the effects of fringing fields. A comparison between 
ionic trajectories in the ideal field and in the actual field 
including the fringing parts of both the grounded 
skimmer tube and the grounded receiving surface of the 
detector is illustrated in Fig. 5. It shows that the 
trajectories in the actual field are systematic outside 
comparing to the ideal field, and the deviations of point 
of falls between these two cases are within 1 mm. The 
simulations show that the most important effect of the 
fringing fields comes from the skimmer tube, by 
weakening the radial field nearing its outlet. It also 
shows that a thinner skimmer tube with a sharper outlet 
result in a weaker fringing effect. In the present design 
the trajectories are much less affected than the case of 
Oshima et al.21, 22, in which the whole starting surface is 
grounded. It also confirms that the optimal refocusing 
angle is slightly smaller than 2  when the 
receiving surface is grounded, as pointed out by 
Oshima et al. to be about 126.5º under their 
conditions.22 Besides, the simulations also show that in 
the present design the height of electrodes, 60 mm, has 
negligible effects on the electrostatic field. 
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IV. CONCLUSION 
In this work, an analytical relation between the 
point of fall of an ion and its energy, as well as the 
transform from a position spectrum to an energy 
spectrum are presented of a multichannel 127º 
cylindrical energy spectrometer with an ideal field. The 
blurting of the point of fall caused by the divergence of 
the incident angle and the finite size of the entering slit 
are considered. A 127º cylindrical spectrometer 
equipped a position-sensitive MCP detector has been 
designed and constructed, and was employed to 
measure the sputtered ions in HCI with solid surface 
interactions.25 
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